Neural stem cells and progenitor cells reside in the adult olfactory bulb (OB) core of mouse, rat, and human. Adult rodent OB core cells have the capacities for self-renewal and multipotency and form neurospheres. The differentiation fates of these neurosphere-forming cells were studied in vitro and in vivo. Adult OB neurospheres were comprised of stem cells and neuronal and glial progenitor cells. OB neurospheres in co-culture with primary embryonic striatal neurons and cortical neurons generated cells with morphological and neurochemical phenotypes of striatal and cortical neurons, respectively. Transplanted OB cells, delivered as dissociated cells or as intact neurospheres, dispersed, survived for long-term, extended neurites, migrated, expressed neuronal or glial markers, and formed synapses with host neurons when placed into the environment of the nonlesioned and lesioned central nervous system (CNS). Grafted cells in the CNS also showed angiogenic capacity by forming blood vessels. In a model of spinal motor neuron degeneration, adult OB neurosphere cells transplanted into lesioned spinal cord adopted phenotypes of motor neurons and had a robust potential to become oligodendrocytes. OB core cells in co-culture with skeletal myoblasts generated skeletal muscle cells. Chimeric skeletal muscle was formed when mouse OB neurospheres were transplanted into rat skeletal muscle. Within skeletal muscle, adult OB neurosphere cells became myogenic progenitor cells to form myotubes de novo. We conclude that the adult mammalian OB is a source of pluripotent neural stem cells and progenitor cells that have the potential to become, in a context-dependent manner, specific types of cells for regeneration of tissues in brain, spinal cord, and muscle.
INTRODUCTION S
TEM CELL (SC) therapy is a hope in regenerative medicine for treating many human diseases resulting from deterioration of cells in tissues and organs. Candidate clinical settings for SC therapy include neurodegenerative and demyelinating disorders of the central nervous system (CNS), brain and spinal cord trauma, muscular dystrophies, diabetes, and myocardial infarction. SC are precursors of clonal SC and other lineages of cells that can differentiate into specific cell types (Weissman et al., 2001) . SC can be found in embryonic and adult tissues. Embryonic SC are derived from the inner cell mass of preimplantation embryos (Thomson et al., 1998) . Adult SC have been identified in hematopoietic, intestinal, epidermal, and nervous systems (Johansson et al., 1999; Reynolds and Weiss, 1992; Toma et al., 2001; Weissman, 2000) . The efficacy of SC therapy in disease requires the successful differentiation of transplanted cells into neurons, glia, endocrine cells, or muscle cells, or the ability of transplanted cells to rescue diseased cells. However, there is still uncertainty about the developmental potentials of embryonic and adult SC and the role of the environment in influencing the fate of transplanted SC. New evidence suggests that the developmental potential of SC can broaden in culture (Anderson, 2001; Morrison, 2001) ; thus, in vitro fate potential may not reflect accurately in vivo potential. Adult SC are believed to be more limited than embryonic SC in their potential to become various cells because they are tissue restricted. Nevertheless, some studies have shown that SC from adult tissues have the ability to jump lineage boundaries (Alison et al., 2003; Prockop, 2003) . Adult SC derived from bone marrow can form skeletal muscle, hepatocytes, and neural cells in addition to blood and immune cells (Brazelton et al., 2000; Ferrari et al., 1998; LaBarge et al., 2002; Lagasse et al., 2000) . Adult SC from brain can become hematopoietic cells when transplanted into bone marrow of irradiated adult mice (Bjornson et al., 1999) , cells in all three germ layers when injected in blastocysts (Clarke and Frisén, 2001) , and skeletal muscle cells when co-cultured with skeletal myoblast cell lines (Galli et al., 2000; Rietze et al., 2001) or embryoid bodies (Clarke et al., 2000) . The ability of presumably tissue-restricted adult SC to generate cells of other tissues has been called "transdifferentiation" (Weissman, 2000) . However, adult SC plasticity has been questioned recently (Alison et al., 2003) because of studies showing fusion of putative SC with somatic cells (Alvarez-Dolado et al., 2003; Terada et al., 2002; Ying et al., 2002) and an inability to reproduce the conversion of adult bone marrow SC into nonhematopoietic tissues (Wagers et al., 2002; Murry et al., 2004; Balsam et al., 2004) , and adult brain SC into hematopoietic cells (Morshead et al., 2002) . It is therefore warranted to continue to seek out adult SC that can be evaluated for pluripotent capacity in both in vitro and in vivo settings.
The adult nervous system contains neural SC (NSC). The peripheral nervous system has neural crest SC (Kruger et al., 2002) . The CNS has NSC in the retina, forebrain, hippocampus, and spinal cord (Clarke and Frisén, 2001 ). The subventricular zone (SVZ) of lateral ventricle and the hippocampal dentate gyrus are generally regarded as the major sources of multipotent NSC in adult forebrain (Palmer et al., 1997; Reynolds and Weiss, 1992; Reynolds and Weiss, 1996) . The olfactory bulb core (OB) of adult rat, mouse, and human is another major source of NSC identified recently (Gritti et al., 2002; Liu and Martin, 2001; Liu and Martin, 2003) . We have described the isolation of adult OB-NSC and have demonstrated their multipotency with regard to CNS cell phenotypes and their ability to adopt a myogenic phenotype when co-cultured with skeletal myoblast cells (Liu and Martin, 2003) . The latter finding suggests a pluripotent capacity of adult OB-NSC, but this potential needs to be confirmed in both in vitro and in vivo settings. In this study we examined in in vitro and in vivo paradigms the pluripotent fates of neurosphere-forming cells in the adult OB core and the influences of different cells and tissues on the plasticity of these neurosphere cells.
MATERIALS AND METHODS

Animals
Adult male Sprague-Dawley rats (200-300 g, Charles River, Wilmington, MA), adult transgenic (tg) green fluorescent protein (GFP) male mice (C57BL/6-TgN [ACTbEGFP]1Osb, Jackson Laboratory, Bar Harbor, ME), and timed-pregnant wildtype (wt) C57BL6J mice (Charles River) were used. The institutional Animal Care and Use Committee approved the protocols.
Bromodeoxyuridine (BrdU) Treatment of GFP tg Mice
Cell proliferation in adult GFP tg mouse OB was identified using the thymidine analog BrdU to track DNA synthesis as described in detail (Liu and Martin, 2003) . Briefly, mice (n ϭ 2) were treated with BrdU (Roche Molecular Biochemicals, Indianapolis, IN) twice daily (at 8 am and 8 pm, 25 mg/kg in normal saline, ip) for 2 days. The mice were perfused transcardially with normal saline for exsanguination, followed by 4% paraformaldehyde (PF) in 100 mM phosphate buffer (PB, pH 7.4). The brains were removed and postfixed in the same fixative for 2 h and then placed in 20% glycerol-PB (pH 7.4) overnight at 4°C. OB were cut into serial coronal sections with a freezing microtome and processed for immunofluorescent detection of BrdU as described (Martin and Liu, 2003) .
FIG. 1. OB core cells from adult GFP-tg mice form neurospheres. (A) BrdU (immunoreactivity for
is red) is incorporated richly in vivo into the OB core of GFP tg mouse, showing a pattern and abundance similar to proliferating cells in the OB of wt mice (Liu and Martin, 2003) . (B) Individual cells within populations of dissociated OB cells from GFP mice generate neurospheres. (C) After ϳ4 weeks culture, floating spheres can be induced to attach and immunophenotyped. Immunolabeling of an attached sphere from a pure culture of OB neurospheres derived from OB core cells of a GFP mouse demonstrates that these spheres contain glial and neuronal progenitor cells. Cells are labeled with neuronal marker (class III tubulin, blue) and oligodendrocyte marker (O4, red). Green is GFP. (D). With rat secondary neurospheres, the cells disperse and form monolayers of attached cells 1-3 days after sphere attachment. These cells were immunophenotyped. Triple immunolabeling revealed that some cells differentiate into neurons (class III ␤ tubulin, blue), astrocytes (GFAP, green), and oligodendrocytes (O4, red). Bar ϭ 42 m (A,D), 56 m (B), 30 m (C).
FIG. 2. Context-dependent differentiation of adult OB neurosphere cells in vitro.
OB neurospheres from GFP mouse were co-cultured with DIV21 primary striatal neurons from wt embryonic mouse. (A-C) At 5 days of co-culture, residual neurospheres are visible (A, arrow) and cells with neurites (A, arrowhead) are found vacating the sphere (A, arrow). The green spheres and migrating cells are on a layer of primary striatal neurons that express high levels of GAD (B, red) in the cell bodies. At this time, GFP and GAD do not colocalize (C, merge of A and B). (D-F) At 7 days of co-culture with primary striatal neurons, most spheres have dispersed, forming neurite-bearing cells (D) distributed among the GAD-expressing primary striatal neurons (E, red). The sphere-derived cells are expressing GAD (F, merge, arrows). (G,H) At 7 days of co-culture with primary striatal neurons, some of the GFP cells from OB neurospheres have differentiated into larger (ϳ20 m diameter) cells with a round cell body possessing thin radiating dendrites (G, arrow). These cells strongly express GAD (F and I, arrow) . (J-L) OB neurospheres from GFP mice were co-cultured with DIV21 primary cortical neurons from wt embryonic mouse. At 7 days of co-culture, GFP ϩ OB neurosphere cells have differentiated into neurons with a pyramidal morphology (J, arrow), very distinct from the striatal neuron morphology (A-I). OB cells are found among cells expressing the AMPA glutamate receptor subunits GluR2/3 typical of cortical pyramidal neurons (K, arrows, red) . About half of the green cells express GluR2/3 (L, merge, arrows). Bar ϭ 45 m.
(HSBS). The OB core, defined previously in detail (Liu and Martin, 2003) , was exposed by a midline sagittal incision and reflection of the two sides. From each side of opened OB core ϳ0.5 mm (rat) or 0.25 mm (mouse) of tissue was microdissected discretely under a surgical microscope and collected into wells containing HSBS. This tissue contains cells that possess features of NSC and neural progenitor cells, including multipotency, self-renewal, self-maintenance, expression of NSC and newborn neuron proteins, and responsiveness to NSC trophins such as FGF2 (Liu and Martin, 2003) . The tissue was placed in 0.25% trypsin-EDTA and incubated (37°C, 5% CO 2 and 95% air) for 20 min followed by trituration to dissociate cells. Cells were seeded on poly-D-lysine coated 35-mm well tissue culture plates at a density of 6 ϫ 10 5 /mL with DMEM (Gibco/Life Technologies, Rockville, MD) containing high glucose, glutamine supplemented with 10% fetal bovine serum (FBS), B27 (Gibco), DNase I, and antibiotics (100 U/mL penicillin and 100 g/mL streptomycin). After 24 h, the medium containing non-adherent floating cell spheres was collected, pelleted, resuspended, dissociated mechanically and placed into non-coated wells for further expansion of highly proliferating sphere-forming cells, while attached cells, mostly progenitor cells (Liu and Martin, 2003) , were not further evaluated here. The rapidly dividing spheres were further passaged over 2-3 weeks. After passaging, some spheres were collected and cryopreserved in DMEM containing 5% DMSO and 10% FBS. Cryopreserved spheres were recovered later for coculture with neurons and myoblasts and for transplantation. Floating spheres after nine passages of primary spheres, obtained from dissociated rat and GFP-tg mouse OB core cells, were allowed to grow on poly-D-lysine coated 35-mm well plates in DMEM containing high glucose, glutamine, and supplemented with B27 and antibiotics. These spheres were diluted, by a limited dilution method, to isolate individual spheres and were transferred into individual wells with neurosphere growth medium. By manipulating the concentrations of serum, the spheres gradually attached to the bottom, the cells extended neurites (Fig. 1C) and then the spheres dispersed as individual cells (Fig. 1D) . The cells were fixed with 4% PF for immunophenotyping.
Transduction of Rat OB Neurosphere Cells with GFP Reporter Gene
To track transplanted adult rat OB neurosphere cells in vivo, neurospheres were transduced with pADTrack-CMV shuttle plasmid containing the GFP reporter gene (Sriuranpong et al., 2001) . High-titer adenovirus containing medium was supplied for transfection (provided by Drs. Fan and Eberhart, JHMI). Cryopreserved adult rat OB neurospheres were recovered and cultured for 1 day before infection. Floating neurospheres (ϳ5000 neurospheres/well, ϳ50 cells/sphere) were infected with 2 L of virus containing medium (titer of 10 9 PFU/mL). GFP expression in neurospheres was confirmed by fluorescence microscopy 18 h after infection. At this time, GFP-transduced neurospheres were pelleted and washed twice in DMEM prior to use for transplantation.
OB Neurosphere Co-Culture with Primary Embryonic Neurons
Cultures of mouse primary cortical and striatal neurons were prepared from gestational day 16 (E16) embryos from timed-pregnant C57BL6J mice as described (Lesuisse and Martin, 2002) . The cells were seeded onto poly-D-lysine-coated 35-mm well plates at cell densities of 2 ϫ 10 6 with Neurobasal medium supplemented with B27 (1ϫ), glutamine, antibiotics (100 U/mL penicillin and 100 g/mL streptomycin), DNase I, and 5% FBS. After 24 h, the medium was changed to Neurobasal medium supplemented with B27, glutamine, and antibiotics only. On DIV21, ϳ100 neurospheres obtained from cryopreserved spheres (cultured for at least 24 h after thawing) isolated from adult GFP-tg mice OB were added into each well of primary cortical and striatal neuron cultures and were subsequently co-cultured in growth medium consisting of 50% DMEM and 50% Neurobasal medium supplemented with B27, 5% FBS and antibiotics. After 5-7 days of co-culture, the cells were fixed with 4% PF for glutamic acid decarboxylase (GAD) and glutamate receptor immunolabeling (Martin et al., 1993) .
OB NSC and Neural Progenitor Cell Co-Culture with Skeletal Muscle Cells
A rat skeletal myoblast cell line (L6, ATCC) was cultured, subcultured, and stored as described (Liu and Martin, 2003) . The cells were seeded on poly-D-lysine-coated 35-mm well plates at a density of 3 ϫ 10 5 . On day 2 after seeding the myocytes, the medium was removed and OB neurospheres from adult GFP-tg mice were added onto the myocytes with fresh complete culture medium (10% FBS in DMEM with antibiotics). After 7 days of co-culture, the cells were fixed with 4% PF for immunolabeling.
Transplantation of Adult OB NSC and Neural Progenitor Cells into Rat CNS, Skeletal Muscle, and Heart
OB-NSC from adult GFP-tg mice were used for transplantation into the normal and lesioned CNS and normal LIU AND MARTIN skeletal muscle and heart of adult rat. Table 1 summarizes the transplantation paradigms, the numbers of animals used, and the survival time. For most tissue transplantation experiments, the OB-NSC were delivered as cell spheres that were cryopreserved, recovered, and expanded. In some CNS and muscle transplantation experiments the OB cells were delivered as freshly dissociated cells. The cells/spheres were gently pelleted and washed with DMEM. For transplantion into the normal CNS, rats were anesthetized and mounted in a stereotaxic apparatus. Resuspended cells (10 L containing ϳ5,000 cells) or spheres (20 L containing ϳ500 spheres, range of 10-300 cells/sphere, average sphere size Ͻ50 cells) were injected stereotaxically into hindlimb sensorimotor cerebral cortex (bregma Ϫ2.80 mm, 2.4 lateral mm, 2.1 mm ventral), striatum (bregma 0.2 mm, 3.2 mm lateral, 5.5 mm dorsal), hippocampus (bregma Ϫ2.8 mm, 3 mm ventral, 1.6 mm lateral) or lumbar spinal cord (n ϭ 3 rats for each area). The unilateral (left) sciatic nerve avulsion (SNA) was used as a spinal cord lesion model (Martin et al., 1999) . Transplantation of OB neurospheres into rat lumbar spinal cord was done on the day of injury by laminectomy and direct parenchymal injection into the ipsilateral left lateral funiculus (Table 1) . For skeletal muscle transplantations, OB dissociated cells (10 L containing ϳ5,000 cells) and spheres (20 L containing ϳ500 spheres, 10-300 cells/spheres, average size Ͻ50 cells) were injected into the gastrocnemius muscle of rats (Table 1) . To assess the possibility of in vivo expansion of OB cells after skeletal muscle transplantation rats were injected with BrdU for two days (starting on the day of transplantation, as described above). For heart injections (Table 1), the ventral area of rat heart without lung coverage was located immediately to the left of the sternum at the level of the 5 th intercostal space, and cell/sphere injections were made with a Hamilton syringe into the ventricular myocardium through the intercostal muscles of the thoracic wall (ϳ4 mm deep). For controls, brain, skeletal muscle, and heart were injected with lysates of GFP-tg mouse OB neurospheres or with 0.5 g (muscle) or 200 ng (cerebral cortex) of purified recombinant GFP (Roche). Animals with transplants did not receive immunosuppressant drugs because: these drugs (e.g., cyclosporine A) can block neuronal death (Uchino et al., 1995) , which is induced in motor neurons in our SNA model (Martin et al., 1999) , and can cause CNS toxicity (McDonald et al., 1996) ; and the survival time was relatively short-term compared to typical host-graft rejection studies. Non-lesioned animals with transplantations into brain and spinal cord were killed after 7 days (Table 1) . Animals with SNA and spinal cord transplantations were killed after 7, 14, and 30 days, and 2 months (Table 1) . Animals with transplantations in leg skeletal muscle and heart were killed after 2, 3, and 7 days (Table 1) . Animals were anaesthetized deeply and perfused transcardially with saline and then 4% PF. The brains, spinal cords, calf muscles, and hearts with and without transplants were sectioned with a microtome. Tissue sections were viewed using a Zeiss Axiophot epifluorescence microscope and a Zeiss LSM 410 confocal microscope.
Immunocytochemistry
Immunocytochemistry was used to characterize: cultured neurospheres (attached dispersing spheres and mounted floating spheres) from OB core cells of adult ADULT STEM CELL FATES AND TRANSPLANTATION rat and GFP-tg mice; co-cultures of spheres from OB NSC of adult GFP-tg mice with mouse primary neurons or skeletal muscle cells; and OB-NSC from adult GFP-tg mice and adult rat (GFP transduced) transplanted into rat CNS and skeletal muscle. A panel of primary antibodies with confirmed specificities was used ( Table 2 ). The cultures and sections were processed as described (Liu and Martin, 2003) . Secondary antibodies or avidin were conjugated to Alexa-488 (green), Alexa-532 (yellow), Texas red (red), or Cascade blue (blue). Double labeling or triple labeling was done using primary antibodies from different species of animals or different immunoglobulin subtypes. Controls for antibody specificity were done for each antibody by incubating cultures or sections in the primary antibody diluent without primary antibody with all other steps similar. The BrdU detection protocol used for GFP mouse OB sections was as described (Liu and Martin, 2003) , though visualized with fluorescent secondary antibody. Cell cultures and tissue sections were viewed using Zeiss Axiophot epifluorescence and LSM 410 confocal microscopes. All observations made by epifluorescence microscopy were confirmed by using confocal microscopy that included analysis in the z-axis.
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Immuno-Electron Microscopy (EM)
To assess the integration of transplanted OB cells into the CNS, immuno-EM was used to visualize GFP. Rats (n ϭ 2) with SNA and spinal cord transplants were prepared for pre-embedding immuno-EM as described (Martin et al., 1993) . Lumbar spinal cord segments were cut on a Vibratome and processed for GFP localization using a rabbit polyclonal to GFP (Chemicon). Antibody binding sites were visualized with an ABC kit and diaminobenzidine. Sections were mounted temporarily on slides and viewed microscopically. Areas of spinal cord containing GFP immunoreactivity were microdissected and samples were processed and viewed by EM as described (Martin et al., 1993) .
Statistical Analyses
Cell counts were made in control and SNA rats with OB-NSC transplantations at 7 and 14 days and in skeletal muscle with OB-NSC transplantations at 2, 3, and 7 days. The data were analyzed by using a Student's t-test.
RESULTS
Adult OB Core Cells Form Neurospheres Comprised of Neuronal and Glial Progenitors and NSC
Because tg expression of GFP in mouse cells was used as a tool to identify OB cells in in vitro and in vivo experiments, cells in the OB core of adult GFP-tg mice were studied in vivo and in vitro to confirm their proliferative capacity and NSC features. The OB core of GFP-tg mice contains numerous newly born cells as demonstrated by LIU AND MARTIN BrdU labeling (Fig. 1A) , consistent with findings in wt mice (Liu and Martin, 2003) . Adult mouse OB core cells were isolated, cultured, and evaluated for neurosphereforming potential. OB core cells readily formed three-dimensional aggregates of viable self-adherent cells known as neurospheres (Fig. 1B) . We reported previously that adult rat OB core NSC had multipotent and pluripotent potential in vitro when studied as dissociated cells (Liu and Martin, 2003) . Here, single neurospheres were isolated after 3 days in culture by limited dilution and micromanipulation and were transferred to single chambers in well plates with one sphere per well as a clone in growth medium. The wells were evaluated by phase contrast microscopy to confirm that only one sphere was in a well without smaller spheres or single cells. After 3-5 days, single spheres formed secondary spheres. The neurosphere-forming capacity of adult OB-NSC was determined in the presence of serum without mitogen supplements and in the presence of FGF2 without serum. These cell spheres were expanded and passaged over many weeks and cryopreserved with retained proliferation ability and expression of GFP when thawed and re-cultured (data not shown). After 2-4 weeks in culture, the spheres were transferred to coated wells and were allowed to attach to the plate by reducing serum concentration in the medium and removal of FGF2. Spheres from some clones attached and issued neurites. These attached, non-dispersed spheres were positive for neurons and oligodendrocyte markers (Fig. 1C ). Attached adult mouse OB neurospheres ranged in size from 21 to 133 cells. Similar observations were made with neurospheres derived from adult rat OB (Fig. 1D ). Individual neurospheres gave rise to cells that expressed class III ␤ tubulin, GFAP, and O4 (Fig. 1C,D) . Each antibody separately labeled cells with distinct morphologies. Class III ␤ tubulin was seen in polygonal cells with short, broad, tapering processes (Fig.  1D) . GFAP was seen in cells with long processes radiating from the cell body (Fig. 1D ). O4 was seen in cells with short radiating processes that were very beaded (Fig.  1D) . Nestin ϩ cells reside within adult OB neurospheres and their presence is sustained after many passages over 45 days from initial isolation (Liu and Martin, 2003) .
1484
OB Neurosphere Cell Differentiation is Influenced by Environmental Context
GFP-expressing OB neurospheres were co-cultured with two different types of primary neurons to evaluate their in vitro potential to differentiate into neurons found in different regions of brain. Pure spheres were co-cultured with DIV21 embryonic striatal neurons. By 5 days of co-culture, OB neurospheres attached and some constituent cells extended neurites and departed the sphere ( Fig. 2A) among the layer of round striatal neurons identified by cytoplasmic GAD immunolabeling (Fig. 2B) , a primary neurotransmitter-synthesizing enzyme in the majority of striatal neurons (Ribak et al., 1979) , but few sphere cells were GAD ϩ (Fig. 2C) . After 7 days of coculture, attached OB spheres dispersed into individual cells that intermingled with primary striatal neurons (Fig.  2D ) and expressed GAD (Fig. 2E,F, arrows) . Subsets of OB neurosphere cells differentiated into neurons with a round cell body, radiating dendrites (Fig. 2G) , and strong cytoplasmic somatodendritic expression of GAD (Fig.  2H,I ). As controls, OB cells in single culture do not display this morphology (round with a radial architecture), although some cells express GAD (Liu and Martin, 2003) . When pure OB neurospheres were co-cultured with DIV21 primary embryonic cortical neurons, subsets of sphere cells differentiated into neurons with a pyramidal morphology and expressed a glutamate receptor (Fig. 2J-L ) that is enriched in cortical pyramidal neurons (Martin et al., 1993) but were not GAD-positive.
Adult OB Neurosphere Cells Engraft and Differentiate into Neural Cells after Transplantation into Forebrain and Spinal Cord
Adult OB core cells were transplanted into adult CNS to evaluate their potential to become cells of different neural lineages in the environment of the normal and lesioned CNS. OB cells from adult GFP-tg mice or adult rat were delivered as dissociated cells or neuropsheres by stereotaxic microinjection into multiple sites of adult rat CNS. Transplanted mouse and rat cells in the non-injured cerebral cortex dispersed away from the injection site and migrated within the cerebral cortex along the corpus callosum (Fig. 3A) . Many of the cells were extending neurites by 7 days after transplantation into cerebral cortex (Fig. 3B) and striatum (not shown). Subsets of transplanted cells and their neurites were positive for the newborn neuron marker TUC4 (Fig. 3C-E ). Neurosphere-derived cells transplanted into cerebral cortex adopted a pyramidal morphology and expressed the neuronal nuclear marker NeuN (Fig. 3F-H) as observed by epifluorescence and confocal microscopy. This differentiation was also revealed independently of immunomarkers because the localization of GFP changes with cellular maturation. In immature NSC and neuroprogenitor cells, GFP is trafficked to the nucleus, but with neuronal differentiation GFP is excluded from the nucleus. As transplanted NSC derived from GFP tg mice become well differentiated in vivo, GFP fluorescence within the cell body diminishes. Transplanted cells in striatum survived, extended neurites, and adopted round cell bodies with radially oriented dendrites (data not shown), similar to in vitro findings. Transplanted cells in hippocampus were found in the subgranular zone of the dentate gyrus ( There was no cytological evidence for tumor formation with either dissociated NSC or as neurospheres, as assessed by nuclear and cytoplasmic morphology and tissue organization. Inflammatory changes, as assessed in Nissl-stained sections, were limited to the presence of some reactive astrocytes. Graft-host rejection was not prominent up to 1 month post-transplantation, as indicated by the survival of GFPexpressing cells and the absence of frank lymphocyte infiltrates (data not shown). In control experiments with direct injection of purified GFP into the cerebral cortex, cellular labeling was very limited and was seen only in occasional cell bodies with few processes with dull bluegreen fluorescence, unlike the brilliant green of the GFP gene-expressing cells.
Adult OB neurosphere cells were transplanted in normal and lesioned rat spinal cord. A SNA paradigm was used for transplantation of OB neurospheres into the lesioned spinal cord. This lesion was chosen because it causes a very selective and synchronized neurodegeneration in spinal cord. SNA induces selective apoptosis of lumbar motor neurons without global physiological perturbations and massive degeneration of cells in many regions of spinal cord or brain (Martin et al., 1999) , as with cerebral ischemia and trauma. The SNA is thus a good model to test the ability of NSC to replace a specific population of cells (i.e., motor neurons). Transplanted cells in the injured CNS survived and showed prominent neurite extension, differentiated into neuronal and glial cells, and integration (Figs. 4-6 ). In SNA lesioned rats injected with GFP-mouse OB neurospheres (Fig. 4) or with adenoviral GFP-transduced rat OB neurospheres (Fig. 5) , the spheres were dispersed by 7 days after delivery and many individual GFP ϩ cells were found in the ventral horn gray matter and white matter. Most of the GFP-cells were found in the side ipsilateral to the lesion and graft, although some transplanted cells migrated to the contralateral side of spinal cord. GFP expression in adenovirus transduced cells was detected for up to 2 weeks, but maximal detection was at 5-10 days after transplantation. The numbers of GFP ϩ cells were counted in nonlesioned and lesioned lumbar spinal cords at 7 and 14 days after transplantation of GFP tg mouse OB core neurospheres. Lesioned rats had significantly (p Ͻ 0.01) greater numbers of engrafted cells compared to the corresponding time points in non-lesioned rats (Table 3) . The percentage of GFP ϩ cells that became large cells (Ͻ10 m in diameter and with 1 or more process) was significantly greater (p Ͻ 0.05, t-test) in the ventral horn of lumbar spinal cords of rats with SNA lesions (272 Ϯ 32 cells/ventral lumbar cord, mean Ϯ SD) compared to control rats without SNA (88 Ϯ 8; Table 3 ). The percentage of GFP ϩ cells that became large cells increased significantly (p Ͻ 0.01) between 7 and 14 days after transplantation (Table 3) .
Transplanted OB neurosphere cells most commonly differentiated into oligodendrocytes, and fewer cells developed into neurons (Table 3) , while the differentiation of transplanted OB-NSC into astrocytes was uncommon (as assessed by immunolabeling for GFAP). A portion of transplanted GFP ϩ cells were not labeled with either glial or neuronal markers and thus may still be undifferentiated NSC. The differentiation of OB neurosphere cells into oligodendrocytes after transplantation into spinal cord was identified by their bushy morphology and by immunostaining for myelin basic protein (Figs. 4A-C and 5A,B). GFP ϩ cells ventral to the central canal were counted in every 4 th horizontal section (40 m) in nonlesioned and SNA lesioned rats with heterologous transplantations (Table 3 ). The percentage of total GFP ϩ cells that was O4 ϩ at 7 and 14 days after transplantation was significantly (p Ͻ 0.05) higher in lesioned rats compared to non-lesioned rats (Table 3) . Other transplanted OB cells in spinal cord adopted a large multipolar morphology, suggestive of a motor neuron, by 7-14 days after transplantation in (Figs. 4D and 5C,D) . Subsets of transplanted cells that became multipolar were positive for class III ␤ tubulin (Fig. 5D-F) . However, the percentage of total GFP ϩ cells that was class III ␤ tubulin ϩ did not differ significantly among non-lesioned and lesioned groups, although the total number of GFP ϩ cells was much greater in the lesioned rats (Table 3) . At 7 and 14 days after transplantation of OB neurospheres into the lumbar spinal cord ventral horn of SNA-lesioned rats, both epifluorescence and confocal microscopy showed that subsets of GFP ϩ cells were large and expressed ChAT (Fig. 4E,F and Table 3 ). OB neurosphere cells did not become ChAT ϩ within 14 days after transplantation into non-lesioned spinal cord (Table 3) .
Immuno-EM detection of GFP was used to assess the integration OB neurospheres into the spinal cord at 1 month after transplantation. Neurons derived from transplanted OB neurospheres formed dendrites contacted by host presynaptic terminals (Fig. 6) . Neurons derived from transplanted cells also formed axons that were myelinated and nerve terminals that formed synaptic contacts with host dendrites (Fig. 6 ). For independent confirmation that GFP cells are mouse cells (derived from GFP-tg mice) rather than host rat cells with engulfed GFP cell debris, an antibody specific for mouse Bcl-2 was used (Table 2) . Most of the GFP ϩ cells were labeled with Bcl-2 antibody (data not shown), indicating the GFP ϩ cells were mouse OB cells.
Adult OB Neurosphere Cells Have Myogenic Potential
The capacity of neurosphere-forming cells in the OB to differentiate into skeletal myocytes was studied in in vitro and in vivo experiments. OB neurospheres from GFP-tg mice were retrieved from cryopreservation and co-cultured with rat skeletal myoblasts. When spheres were added to DIV2 muscle cell cultures, they attached and dispersed (Fig. 7A) . OB-GFP cells underwent a multi-step process leading to myocyte formation. Over time in co-culture, round cells with small neurites were seen, and then bipolar cells were seen (Fig. 7A ) which then issued progressively longer and broader processes (Fig. 7B,C) . Strong expression of GFP occurred in the nucleus of dissociated OB cells (Fig. 7B,C ) and in most of the OB-neurosphere-derived differentiating myocytes, some of which appeared multinucleated (Fig. 7C) . At co-culture day 5, ϳ20% of the GFP ϩ cells had the morphology of young myotubes and expressed myosin heavy chain (Fig. 7D,E) .
To assess the myogenic potential of adult OB cells in vivo, dissociated OB core cells or OB core spheres obtained from adult GFP mice were injected into adult rat gastrocnemius muscle (ϳ5000 cells or ϳ500 spheres in 20 L). At 7 days after injection of dissociated cells, several different cytological patterns were seen. OB cells were found in clusters (Fig. 7F ) in the interstitial space between muscle fiber bundles (3-80 cells/cluster) and along the central tendon of the muscle (Fig. 7G,J-M) . Transplanted OB cells in the interstitial space organized into rows containing ϳ3 to 38 cells. Muscles with transplants became patchy mosaics with many individual muscle fibers displaying discrete green patches (Figs. 7G,H  and 8 ). Some muscle fibers within or near the injection area were labeled more completely without a patchy pattern, while nearby muscle fibers were not fluorescent. The different types of GFP-labeled myofibers were quantified (Fig. 8) . Immunolabeling of muscle tissue with antibody to desmin (a myogenic precursor and myocyte intermediate filament) demonstrated that both the individual green cells in the interstitial space of muscle fibers and the green patches in the muscle fibers were desmin ϩ (Fig. 7J-M) . To confirm the chimerical mosaic of transplanted skeletal muscle, a species-specific antibody to mouse Bcl-2 was used to immunolabel mouse-derived OB cells within host rat muscle. The GFP ϩ cells and patches in muscle fibers were strongly Bcl-2 ϩ (Fig.  7N,O . Small caliber dendritic profiles (seen in cross-section) of OB neurosphere-derived neurons also receive synapses (*unlabeled terminal profile in contact with a GFP ϩ dendrite). OB neurosphere cells differentiate into neurons that possess myelinated axons (a) and axon terminals (**crosssectional profile of a GFP ϩ dendrite that is contacted by a GFP ϩ terminal). The neuronal cell bodies from which these processes originate are not seen in the micrograph. Bar ϭ 0.6 m. seen as large groups within the muscle parenchyma ( Fig. 9A-C) or as isolated small groups of cells in interstitial spaces of the muscle (Fig. 9D) . A time course analysis revealed a multi-step process in the differentiation/fusion of OB cells into myofibers after sphere injection. At 2 days, OB neurosphere cells were seen as dispersed individual cells, congregations of cells as cords or columns, cell patches on or within host myofibers, and as partially or entirely GFP ϩ myofibers (Fig. 8) . Transplanted OB-sphere cells assembled into rows of large numbers of individual cells in tandem (Fig. 9E,F) , as verified by DAPI labeling of the nuclei (Fig. 9G ). Epifluorescence and confocal microscopy showed that GFP ϩ cells within these columns were desmin ϩ (Fig. 9H,I ) and subsets of cells expressed cyclin-D1 (Fig. 9H,J) , indicating that transplanted OB neurosphere cells expand in vivo as proliferating myoprogenitor cells. Transplanted OB sphere cells were also found assembled into long wide columns comprised of many tightly packed cells (Fig. 9K) . Multinucleated myofibers were observed 7 days after OB sphere injection (Fig. 9L) . These myofibers had a GFP ϩ sarcoplasm and many GFP ϩ nuclei. At 3 days, the most predominant pattern within the muscle was the patchy mosaic of GFP cells within host myofibers, with individual GFP ϩ cells seen less frequently than at 2 days (Fig. 8) . At 7 days, more myofibers displayed complete GFP labeling, with individual patches seen less frequently than at 3 days (Fig. 8) . Furthermore, at 7 days post-transplantation, sphere injections yielded more GFP ϩ myofibers than dissociated cell injections (Fig. 8) . OB neurosphere cells also had the ability to become muscle satellite cells on myofibers, as identified by their appearance and location (Fig. 9M,N) , and the ability to form proliferating myogenic precursors (Fig. 9H-J) . Individual OB neurosphere derived-GFP ϩ cells could be found positioned very close to the surface of newly formed GFP ϩ myofibers, had a round or flat morphology, and were membrane-ensheathed (Fig.  7O ) reminiscent of myofiber satellite cells (Mauro, 1961) . Moreover, newly formed GFP ϩ myofibers associated closely with adjacent GFP ϩ cells that proliferated, as indicated by BrdU labeling (Fig. 7P) . Transplanted OB-NSC could express the satellite cell transcription factor MyoD within 3 days of residing in the muscle environment (Fig. 10) .
Transplanted Adult OB-NSC Form Cerebrovascular Cells and Integrate into Cardiac Muscle In Vivo
GFP ϩ blood vessels were found in all animals with brain parenchymal injections of OB-NSC. Transplanted mouse OB neurosphere cells in rat hippocampus formed capillaries (Fig. 11A,B) near the site of transplantation. Individual endothelial cells forming capillaries were GFP ϩ (Fig. 11B, inset, arrow) . The blood vessels formed in the vicinity of the needle track where transplanted cells were deposited. At sites of major engraftment of transplanted cells GFP ϩ vessels were observed penetrating into the cell clusters. These results appeared to be dependent on the region in which the cells were transplanted. Green vessels were found most commonly in cerebral cortex, hippocampus, and striatum, but less commonly in spinal cord. Control injections of purified GFP into the brain parenchyma did not result in green labeling of blood vessels (data not shown).
Mouse OB neurospheres were also transplanted into rat heart. GFP ϩ cells were integrated into the syncytial arrangement of the myocardial tissue within 1 day (Fig.  11C, D) . OB cells that integrated into the myocardium were observed as individual cells or groups of 2-3 cells (Fig. 11C ) and adopted a rectangular or polygonal shape within the host myocardium at 2 days. Larger territories of the myocardial synctium equivalent in size to groups of GFP ϩ cells were found at 1 week. Counterstaining with DAPI showed that some patches had centrally lo-ADULT STEM CELL FATES AND TRANSPLANTATION 1491 FIG. 8. Quantification of GFP labeling of myofibers after transplantation of GFP-expressing OB cells (as spheres or dissociated cells) into rat leg muscle. Counts were done in muscle sections near but not at the site of injection. The groups are divided into myofiber labeling pattern of either entire myofibers or partially (incomplete) labeled myofibers observed after injections of neurospheres or dissociated cells. *Significantly higher than 2 days. **Significantly higher than 2, 3, and 7 days with transplanted dissociated cells. # Significantly lower than 2, 3, and 7 days with transplanted dissociated cells. ϩϩ Significantly lower than 7 day with neurosphere transplantation. For all comparisons, p Ͻ 0.05 (Student's t-test).
cated nuclei (Fig. 11D) . In control experiments, injection of purified GFP into the heart did not label individual cardiomyocytes as seen with OB-NSC injections. However, injections of purified GFP had a predilection to stain generally the epicardium and the endocardium without labeling isolated cells (data not shown).
DISCUSSION
This study is an in vitro and in vivo analysis of the plasticity and regenerative potential of adult NSC and neural progenitor cells. The OB core has been identified recently as a source of neuroprogenitor cells and NSC in the adult CNS (Liu and Martin, 2001; Gritti et al., 2002; Liu and Martin, 2003) . A previous study focused primarily on the neuroprogenitor cell and NSC characteristics of OB core cells in vivo and in dissociated cell culture (Liu and Martin, 2003) . Here, we probed deeper into the characteristics of adult OB core cells by focusing on the neurosphere-forming NSC, the possible pluripotency of these cells, and the behavior of these cells after transplantation into brain, spinal cord, and muscle. The study was designed as parallel in vitro and in vivo experiments to examine if the cell fates are similar in vitro and in vivo. Our data show that adult OB core contains pluripotent NSC. These cells have a strong potential to form neurospheres. Cells within OB neurospheres can differentiate into different types of neurons and glia and also transdifferentiate into non-neural cell types. These fates appear to be dependent on environmental context, with similar potentials witnessed in vitro and in vivo.
Adult OB core cells can be isolated, cultured, and grown either in monolayers or as floating neurospheres. In both in vitro settings, these cells maintain the high capacity to self-renew. OB-NSC replicate in basic medium, the sphere densities increase rapidly in medium containing serum and in serum-free medium with FGF2 supplementation, and they respond to growth factors (Liu and Martin, 2003 ; data not shown). OB core cells can generate neurons, astrocytes, and oligodendrocytes (Liu and Martin, 2003) . We performed single cell clonal analysis of neurospheres to ensure the observations of clonogenicity and multipotency (Liu and Martin, 2003) . Thus, neurosphere forming cells in the adult OB core fulfill the criteria for a NSC (Seaberg and van der Kooy, 2003) . The self-renewal capacity and multipotency is maintained after cryopreservation and thawing.
The forebrain subventricular zone (SVZ) is a major source of self-renewing, multipotent NSC in the adult CNS Weiss, 1992, 1996) . The finding that the OB core is also a source of adult NSC (Gritti et al., 2002; Liu and Martin, 2003 ) is likely to be related to the anatomical continuity of the OB core with the forebrain SVZ (Alvarez-Buylla and Garcia-Verdugo, 2002). Nevertheless, the population of NSC within the OB needs to be studied in addition the SVZ cells because they could have different characteristics. Adult forebrain NSC niches in the SVZ and hippocampus have different developmental characteristics (Seaberg and van der Kooy, 2002) have different electrophysiological characteristics . The anatomical derivation of OB-NSC is different from olfactory ensheathing cells that reside in olfactory nerves and appear to be a special type of growthpromoting glial cell (Raisman, 2001) .
We found that adult OB neurosphere-forming cells can be directed to differentiate into specific types of cells depending on environmental context. Recovered cryopreserved spheres in co-culture with primary striatal neurons generated round GAD-positive neurons with a radial dendritic pattern, but, in co-culture with primary embryonic cortical neurons, subsets of OB neurosphere cells adopted pyramidal neuron appearances and became glutamate receptor-positive. Although the AMPA glutamate receptor subunits GluR2 and GluR3 are not specific markers for cortical pyramidal neurons, they are highly enriched in cortical pyramidal neurons, but not in cortical interneurons in vivo (Martin et al., 1993) and in vitro (Lesuisse and Martin, 2002) , and this immunophenotype combined with the morphology is consistent with a pyramidal neuron. Freshly isolated OB-NSC and OB-NSC from cryopreserved cell neurospheres became skeletal muscle cells when co-cultured with myoblasts. This process appears to be transdifferentiation, rather than cell fusion (Terada et al., 2002; Ying et al., 2002) , because at the individual cell level the structural process has multiple sequential steps. OB cells extended processes to become bipolar cells that progressively elongated and broaden their processes and became multinucleated cells with eventual expression of muscle cell specific protein. Moreover, when adult OB-NSC were transplanted into skeletal muscle they have the capacity to express a myogenic satellite transcription factor, indicative of epigenetic reprogramming. Thus, subsets of cells within the adult OB appear to have a pluripotent capacity. NSC from other regions of the adult mammalian CNS have been identified as pluripotent by other groups. For example, NSC isolated from adult mouse periventricular region can generate skeletal muscle cells both in vitro and in vivo (Clarke et al., 2000; Galli et al., 2000; Rietze et al., 2001) . We provide in vitro and in vivo evidence for the existence of pluripotent NSC in the adult mammalian OB. This dual confirmation is important because the developmental potential of SC in vitro might not reflect accurately in vivo potential (Anderson, 2001; Morrison, 2001) .
The results of our in vivo experiments with OB core NSC that were transplanted into the CNS of adult rat are consistent with our in vitro experiments demonstrating the multipotency of adult OB-derived neurospheres. We found that OB neurosphere-forming cells can engraft into multiple CNS regions, effectively disperse, differentiate into neuronal and glial cells, survive, and integrate into the adult host neural network. Our transplantation experiments are different from existing published experiments because we delivered adult neurospheres into the lesioned and nonlesioned CNS. Many other transplantation studies have used fetal tissue (Akesson et al., 2001; Nogradi and Vrbova, 1994) , dissociated embryonic SC (Brustle et al., 1999; Cao et al., 2001; Lu et al., 2003; McDonald et al., 1999) , human umbilical cord blood SC (Garbuzova-Davis et al., 2003; Saporta et al., 2003) , human embryonic germ cell derivatives (Kerr et al., 2003) , embryonal carcinoma cells (Hartley et al., 1999; Kleppner et al., 1995) , or olfactory ensheathing cells (Raisman, 2001) 
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ple sclerosis (Pluchino et al., 2003) , reporting the capacity of adult NSC to generate oligodendrocyte precursors and remyelinate white matter. We found that the potential of adult OB-NSC neurospheres to generate oligodendrocytes in the spinal cord is robust in both nonlesioned and lesioned animals. A noteworthy apparent distinction between adult SC populations versus embryonic SC or embryonal carcinoma cells is the capacity of cell dispersal after transplantation. Adult OB-NSC neurospheres readily disperse, whereas grafts of embryonic SC (Lu et al., 2003) and Ntera2N cells (Hartley et al., 1999) largely remain as cellular masses at the implantation site within the parenchyma, but the latter cells nevertheless show evidence for integration (Hartley et al., 1999; Kleppner et al., 1995) . By 7 days post-transplantation, adult NSC neurospheres were completely dispersed and were progressing with differentiation.
Another key finding in our study is that adult OB neurosphere cells can differentiate in vivo into neurons bearing phenotypes of motor neurons, consistent with in vitro data (Liu and Martin, 2003) . The lesion stimulated the differentiation of transplanted OB neurosphere cells into large cells in spinal cord. Moreover, the loss of motor neurons appears to induce the differentiation of transplanted adult OB neurosphere cells into ChAT ϩ cells, because this process was seen with transplants of cells into the spinal cord of avulsed animals but not into normal spinal cord. Moreover, neurons in spinal cord derived from transplanted OB neurospheres integrate into the host neural network as demonstrated by EM. The EM experiments showed directly that transplant-derived neurons formed axons that could be myelinated, axon terminals that formed synapses with host neurons, and dendrites that were contacted by host presynaptic terminals. Such data on the integration of SC-derived cells after transplantation into the nervous system is critical but shown very rarely. We have not yet conducted experiments to determine if these OB neurosphere-derived motor neuron-like cells are functional neurons. Other studies of traumatically injured or diseased spinal cord with embryonic SC, embryonic germ cell, umbilical cord SC, and olfactory ensheathing cell transplants have demonstrated very limited or no evidence for differentiation of grafted cells into cell with motor neuron-like characteristics (Cao et al., 2001; Garbuzova-Davis et al., 2003; Kerr et al., 2003 ). An explanation for these different outcomes is not readily evident because the cells are different and the experimental paradigms are very different. Using a different experimental paradigm of motor neuron disease, we have found recently that transplanted adult OB core NSC in presymptomatic transgenic mutant superoxide dismutase mice (G93A) can differentiate into motor neuron-like cells and nonneuronal cells and can significantly delay disease onset and prolong survival (Martin and Liu, 2004) .
The apparent formation of cerebrovascular cells from transplanted adult brain NSC is another novel finding reported here. This possibility with adult NSC is not considered commonly. Our observation that transplanted adult NSC can form blood vessels in the recipient brain was not an isolated or random event because it was found in all animals receiving transplants. The new segments of vessels appear to merge with the existing vascular architecture of the host brain. Embryonically, vascular cells are derived from the mesoderm, and in adult tissues their derivation is from specific progenitor cells. We do not yet understand the cellular and molecular basis for this apparent transdifferentiation. Vasculogenesis around the microinjection needle track might repair the trauma associated with the cell delivery. The formation of new blood vessels penetrating into the clusters of transplanted cells could be beneficial for supplying oxygen and substrates to the cells as they are dispersing and integrating into the microenvironment of the host brain. The formation of cerebrovascular cells from adult NSC is further indicative of their pluripotency.
The in vivo experiments with adult mouse OB neurospheres that were transplanted into skeletal muscle of adult rat confirmed the pluripotent capacity of some of these cells seen in our in vitro experiments (Liu and Martin, 2003) . Thus, subsets of cells within adult OB neurospheres appear to have the ability to jump cell lineage boundaries. The process appears to involve both transdifferentiation and cell fusion, not necessarily just one or the other mechanism. After transplantion into skeletal muscle, adult OB-NSC became muscle cell progenitor satellite cells, identified morphologically and by the expression of a critical primary myogenic transcription factor MyoD. The specific type of cell within the adult OB core that might possess this potential needs to be identified and purified. Depending on their number, transplanted adult OB cells in muscle appear to fuse with each other or with host cells into newborn myotubes, or, at low densities, cells can fuse with existing myoprogenitor cells or myotubes of adult host muscle. The chimerical composition of transplanted rat skeletal muscle was witnessed by sustained expression of mouse Bcl-2 after the cells differentiated or fused into rat muscle fibers.
The transplantation of adult OB core cells into skeletal muscle provides insight into the possible events of muscle cell differentiation and myogenesis. Our observations varied depending upon whether the OB cells were delivered as dissociated cells or neurospheres and on time after transplantation. Seven days after transplantation of dissociated OB core cells into skeletal muscle, several different muscle patterns were observed. GFP expression ADULT STEM CELL FATES AND TRANSPLANTATION was observed in completely labeled individual muscle fibers, in isolated patches in muscle fibers, and in some isolated cells or cell clusters within the interstitial spaces and along the central tendon. With sphere transplantation the myogenesis was more effective than with dissociated cells. After transplantation of neurospheres, large groups of muscle fibers were GFP ϩ within 3 days, but at 2 days after transplantation, many cells were distributed in the interstitial spaces or around the central tendon. These cells were arranged as chains or columns. Some columns had a thickness of one cell, while other columns were comprised of multiple layers of cells. The shorter chains of cells expressed cyclin D in the head and tail cells, indicating polarized in vivo expansion. The in vivo replication of OB neurosphere cells in skeletal muscle was confirmed by BrdU labeling. Moreover, cells derived from OB neurospheres differentiated into myogenic precursors as indicated by their location, morphology, desmin expression, and MyoD expression. Based on this information, it seems possible that new myotube genesis after SC transplantation is a multi-step process involving migration of SC into interstitial spaces, differentiation of SC into myogenic precursors and replication, assembly of cells into chains and columns that further expand, and fusion of cell columns into single myotubes.
Injection of adult OB-NSC directly into adult heart muscle in vivo resulted in the formation of an apparent chimeric myocardium. We have not yet determined whether this process occurs through cell fusion or transdifferentiation of adult NSC. DAPI staining of myocardial sections with transplants suggested that the GFP ϩ cells were mononucleated, but serial semi-thin sections were not evaluated. If these green cells turn out to be mononucleated, then cell fusion is not likely to be the process. However, the rapid speed (2 days) at which adult OB NSC became part of the host myocardial syncytium suggests that the process involves cell fusion. Our findings with adult brain-derived SC are consistent with experiments showing that adult bone marrow SC (Orlic et al., 2001 ) and adult liver-derived SC (Malouf et al., 2001) can become cardiomyocytes after transplantation into adult heart. However, the ability of haematopoietic SC to transdifferentiate into cardiac myocytes has been disputed recently (Murry et al., 2004; Balsam et al., 2004) . The details of the process through which adult OB-NSC become myocardial cells needs to be studied. This topic is very relevant to heart repair.
In summary, we have identified an alternative source of SC other than those derived from fetal/embryonic tissues and from cell lines. These cells can be found in the OB core of adult rodents. A similar cell niche is likely to be present in the human OB (Liu and Martin, 2003) . This study shows that some cells within the adult OB are pluripotent and highly versatile, having the capacity of tissue-and site-specific differentiation. Some of these cells in OB neurospheres may not have restrictions on their tissue-differentiation capacity. Our results further challenge the view that adult tissue-specific SC are predetermined to give rise to only limited types of cells. However, the quantities of available cells and the milieu in which they are located may influence whether the formation of new cells is primarily by transdifferentiaion or fusion. Thus, these cells could be useful in regenerative medicine. The neurosphere cultures are particularly suitable for transplantation because they can be freshly expanded and harvested or cryopreserved, recovered, and expanded prior to in vivo transplantation. Moreover, the in vitro and in vivo properties of OB neurospheres are similar over a wide range of passages and after cryo-preservation; thus, the OB could provide a source of general pluripotent adult SC that have the potential to become specific types of cells for autologous transplantation and histocompatibility-matched allogenic transplantation for tissue repair in disease and injury.
